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The Saline Valley Conservancy District (SVCD) formed in 1980 to provide groundwater to
communities in Saline and Gallatin, Counties, Illinois. Sulfate contamination from a nearby coal
mine threatens the SVCD’s current well field. Three of the wells are reaching the end of their
service and have elevated levels of sulfate. This study investigated multiple well configurations
on three different parcels of land to find possible new well locations that do not recharge water
directly from the mine site over a 50-year period. A steady-state finite difference groundwater
flow model was created using Graphic Groundwater GIS (Krienert and Esling, 2016), a pre and
post-processor for MODFLOW (Harbaugh, 2005) and MODPATH (Pollock, 2012). The calibration
and sensitivity analysis followed methods from Esling et al. (2008). Hydraulic heads were
calibrated to the land surface and a systematic sensitivity analysis varied recharge, hydraulic
conductivity, and drain and river conductance to produce composite capture zones. Well
locations must also meet SVCD requirements that would minimize distance from current water
lines and consider properties they already owned. New wells also needed to be located in areas
where the aquifer exceeds 25 m thick and be separated by 305 meters to minimize drawdown.
This study also considered the effects of irrigation on the aquifer.
Varying recharge, hydraulic conductivity and conductance within reasonable ranges
created six capture zones for the proposed wells, each with different geometries. The capture
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zones were superimposed onto a map to make a composite capture zone which should contain
the actual capture zone for the wells. Varying conductance caused subtle changes in capture
zone geometry. Low values of conductance caused particle tracks to elongate. Irrigation wells
and some proposed well locations caused substantial dewatering in one area of the aquifer. The
study discovered several well configurations on each of the parcels that do not source water
from the mine site over 50 years.
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CHAPTER 1
INTRODUCTION
Background
Several decades ago, the communities in Saline and Gallatin Counties, Illinois had
trouble meeting increasing water demands (Poole and Sanderson, 1981). The Saline Valley
Conservancy District (SVCD) formed in 1980 to supply water from an extensive aquifer to these
and other nearby counties. Currently, the SVCD supplies water to about 30,000 people (SVCD
Staff, 2016).
Rising sulfate levels from a nearby coal mine has threatened water quality near the
current well field. Several studies (Geosyntec, 1995, Prickett, 1997, ESI, 2003, and Cox, 2013)
suggested that the current SVCD well field should be at little risk from rising sulfate
contamination. However, recent findings show that sulfate levels have increased in some raw
water samples from the wells (SVCD Staff, 2016). Too much sulfate in the water supply affects
the taste and smell of the water and can form scale on boilers and heat exchangers. It can also
cause a laxative effect in higher doses. The Environmental Protection Agency (EPA) sulfate
contamination threshold is 250mg/L at which point the water tastes salty and can be bitter,
rendering it unpleasant to drink (IEPA, 1999 and USEPA, 1999). Additionally, sulfate can only be
removed by filtration through reverse osmosis, distillation, or ion exchange, none of which the
SVCD uses in their filtration process. The SVCD has decided to develop new wells as opposed to
rebuilding a water plant that can remove sulfate.
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Location
The aquifer is located in Gallatin County and consists of geologic material assigned
mainly to the Quaternary unit called the Henry Formation. The aquifer is informally called the
Henry Aquifer or the Saline Valley Aquifer. This report will use Henry Aquifer to refer to the
aquifer. Figure 1-1 shows the location of the aquifer. The area outlined in blue is the study area
for this research. The enlarged portion of Figure 1-1 is the area of interest (AOI) throughout this
report. The AOI is a subsection of the model domain that contains the mine site (bounded by a
green border in Figure 1-1), the SVCD well field (red circles in Figure 1-1), and the proposed new
wells.

Mine Site History
Mining at Eagle No. 2 ceased in 1993 (Geosyntec, 1995) and reclamation began in 1997
(Prickett, 1997). Initially, six remediation wells were installed by Peabody to contain the
contamination plume on the mine site (Cox, 2013). The remediation wells discharge into the
Make-Up Lake located in the mine site. Overflow water from the lake then discharges into a
drainage ditch which connects to an agricultural ditch (Cypress Ditch) that discharges into the
Saline River (Figure 1-2). Only three remediation wells continue to discharge into the lake (WA21, WA-9, and WA-28 in Figure 1-2). Discharge from remediation wells is expected to cease
sometime in the near future.

SVCD Well History
The SVCD well field is located in the thickest, most productive region of the Henry
Formation and lies directly west from the Peabody Eagle No. 2 mine. There were originally eight
wells, but in 2000, SVCD- 5 was closed because sulfate levels exceeded 200 mg/L. The
2

remaining seven wells pump in cycles of four at a time with total production between 11.4
million liters per day (3 million gallons per day) and 15.1 million liters per day (4 million gallons
per day) depending on water demands. It is important to note that these pumping rates are not
always evenly distributed between wells. SVCD-1, 2 and 3 are reaching the end of their service
due to age and they are now threatened by sulfate contamination. As of 2015, SVCD-1 and 2
have raw sulfate levels of 45 and 46 mg/L as compared to 25 mg/L in 1986 (Gorczynska et al.,
2016). They need to be replaced. Herein, the proposed new wells will be referred to as SVCD 9,
10 and 11.

Objectives
The main objective of this study is to find sites for SVCD 9, 10 and 11 that are not
threatened by mine contamination in the next 50 years. First a conceptual model of the study
area was developed to combine regional geology and hydrogeology, define major
hydrostratigraphic units, model boundaries and model stresses. The conceptual model was
then integrated into an interpretative steady-state numerical model to better understand
model boundaries, recharge, hydraulic conductivity and any other variables that cannot be
directly measured in the study area. The resulting steady-state numerical model included a
recharge and hydraulic conductivity matrix to develop capture zones; three dimensional regions
of the aquifer that supply water to a well over a specified time interval. The capture zones in
this case must source water over a 50-year period from a region of the aquifer that does not
include the areas contaminated by mine discharge.
The SVCD proposed the most likely pumping situation for the future: SVCD 1, 2 and 3
closed, remediation wells on the mine property closed, and SVCD 4, 6, 7, 8, 9, 10 and 11
3

pumping. In general, the groundwater flow model in this study focused on forecasting a
proposed action and inaction. The action is the relocation of SVCD 1, 2 and 3 and the inaction is
the cessation of remediation pumping at the mine site. These conditions should result in
conservative capture zones that apply if remediation wells do continue to discharge or SVCD 1,
2 and 3 are not closed.
The research considered three possible scenarios: 1) locating the wells to promote
recharge strictly from the northern and eastern portions of the aquifer; 2) locating the wells to
the southeast of the mine site in a bedrock channel carved by the ancient Ohio River between
Gold and Shawneetown Hills, where the wells recharge strictly from the eastern portion of the
aquifer; and 3) locating wells on land already owned by the SVCD to the west of the current
well field.

Previous Studies
Poole and Sanderson (1981) completed the first study of the Henry Aquifer on behalf of
the SVCD that was funded by the Illinois Department of Transportation, Division of Water
Resources. Pool and Sanderson (1981) calculated a hydraulic conductivity of 4.13 x 10-4 m/s
(875 gpd/ft2) from the results of a single pumping well aquifer test. Ideal well areas were
discovered during a geophysical survey and well log assessment. Resistivity values from the
geophysical survey indicated ample coarse-grained sand and gravel with interstitial water. Pool
and Sanderson (1981) concluded that the SVCD could meet the current and future pumping
demands of 0.076 m3/s (1200 gpm) and 0.133 m3/s (2100 gpm) on a daily basis.
Peabody Coal Company Eagle No. 2 Mine hired Geosyntec Consultants in response to
concerns expressed by the Illinois Office of Mines and Minerals (IOMM) and the Illinois
4

Environmental Protection Agency (IEPA) (Geosyntec, 1995). Geosyntec developed a site
characterization report and corrective action plan with the overall objective of mitigating
groundwater contamination from pyritic sulfate. Geochemical modeling showed pyritic coal
from the mine refuse generates acid rock drainage (ARD) when exposed to air and water.
Precipitation infiltrates the refuse and forms a leachate which migrates to the water table and
affects water quality (Geosyntec, 1995). To mitigate ARD, they recommended the construction
of a final cover system over the coal refuse area to prevent further ARD from forming. To
mitigate effects on groundwater, they recommended the installation of three additional
shallow groundwater extraction wells in areas of greatest total dissolved solids (TDS) and
sulfate concentrations (Geosyntec, 1995). Geosyntec (1995) concluded that these two
measures would contain the sulfate in the groundwater on the mine site. Their model used a
uniform 5.4 x 10-9 m/s (6.7 in/yr) for recharge and a range of 1.9 x 10-6 to 8.5 x 10-4 m/s (0.55 to
240 ft/day) for hydraulic conductivity distributed over seven different zones.
Thomas A. Prickett (1997) prepared a report for the SVCD in legal preparation against
Peabody Coal Company and Geosyntec’s (1995) model and corrective action plan. Prickett’s
report addressed two main factors missing in Geosyntec’s report. One is the fact that the slurry
pond operations started in 1968 and the SVCD groundwater withdrawals did not start until
1980; so, from 1968 to 1980, Geosyntec (1995) failed to account for leakage from the slurry
ponds. The second factor Prickett pointed out is the effects dispersion would have on the
contamination plume (Prickett, 1997). He argued that Geosyntec (1995) only considered the
average linear groundwater velocity when determining the capture zone for the remediation
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wells which does not include the effects of dispersion which plays a key role in characterizing a
contaminant plume.
To address this problem Prickett (1997) created a contaminant transport model, using
the random-walk technique, which accounts for dispersion and advection and showed that
SVCD 1, 2, 3 and 5 were directly impacted by the plume. He used the same flow model created
by Geosyntec (1995), but he added the stream that drains the Make-up Lake into Cypress Ditch.
The results indicated that contamination in SVCD 5 appeared to originate from that stream
suggesting that Geosyntec (1995) did not adequately model this area. This stream carries
groundwater discharge that contains high concentrations of sulfate from Peabody’s
remediation wells. Therefore, Prickett (1997) suggested that the conclusions and
recommendations from Geosyntec (1995) should be rejected based on the lack of a
comprehensive mass transport model.
In response to Prickett’s (1997) report, Peabody Coal Company retained ESI (2003) to
develop a sulfate transport model using MT3DMS (Modular 3-D Multi-Species Transport Model)
of the Eagle No. 2 mine site. ESI (2003) based their transport model on the flow model created
by Geosyntec (1995) but made some modifications. The ESI (2003) model consisted of 200 rows
and columns, two layers, and 80,000 cells. The hydraulic conductivity zones were 2.47 x 10 -4
m/s (70 ft/day) near the mine site and 5.29 x 10-4 m/s (150 ft/day) everywhere else. Recharge
was 3.22 x 10-9 m/s (4 in/yr) at the mine site and 7.25 x 10-9 m/s (9 in/yr) everywhere else. The
results of this model were used to negotiate a monitoring and remediation plan for the mine
site with the SVCD.
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There were six remediation wells pumping at the mine site beginning in 2001 totaling,
1.35 x 10-1 m3/s (2,135 gpm) of pumping. Peabody wanted to reduce the amount of remedial
pumping so ESI (2003) created several simulations to demonstrate reasons that pumping could
cease or be reduced. Two future scenarios were modeled, where one scenario had no
remediation wells pumping and the other with remediation wells pumping. Both scenarios
modeled sulfate under 250 mg/l. Concentrations at SVCD-2 were at 180 mg/l and 31 mg/l and
concentrations at SVCD-6 were at 56 mg/l and 9 mg/l, respectively. ESI (2003) modeled several
other scenarios all concluding that pumping could be ceased or reduced. ESI (2003) finalized a
plan to negotiate with the SVCD where remedial pumping could be reduced to 6.62 x 10 -2 m3/s
(1050 gpm), distributed over three wells instead of six. The three remaining wells are shown in
Figure 1-2.
Ryan Cox (2013) completed a contaminant transport model on behalf of the SVCD for
his master’s thesis. Cox (2013) built a series of steady-state contaminant transport models that
retained many of the model parameters from previous studies but expanded the model
domain. His model used source loading data and recharge values from ESI (2003). The model
was calibrated to sulfate data collected from wells around the mine from 2001-2010. Models
were simulated for 30-years into the future. Hydraulic conductivity in the calibrated model was
split into two zones, a western zone of 5.79 x 10-4 m/s and an eastern zone of 7.52 x 10-4 m/s.
The model domain was reconfigured to include natural hydrologic boundaries which
were not used in any prior model for this site. These include the Ohio River, Saline River and
Wabash River on the basis that these rivers have incised channels that connect directly to the
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aquifer. This also includes boundaries where the aquifer pinches out around bedrock islands
that form hills and areas where lake deposits interfinger with the Henry Formation.
Cox (2013) examined several scenarios that altered parameters and remediation
pumping to see what affect this would have on the plume. In all simulations sulfate
concentrations at the SVCD wells did not exceed 155 mg/L sulfate, which is under the EPA
threshold of 250 mg/L. He concluded that Peabody remediation wells could cease pumping and
showed the wells most at risk are SVCD 2 and 6, but they would still have concentrations lower
than 250 mg/L.
Model domains varied in each study depending on the information available at the time
and the amount of computing resources necessary to create larger model domains. Figure 1-3
shows the different domains for each model. Prickett (1997) used Geosyntec’s (1995) model
domain. Cox (2013) expanded the model domain to the natural hydrologic boundaries. This
eliminates the need to create calibrated boundary conditions. Krienert (2016) completed a
more detailed well log analysis of Gallatin County and he further expanded the model domain
from that of Cox (2013). The more detailed well log analysis enabled boundary conditions to be
more accurately defined and included more natural water features. This study will use the
model boundaries established by Krienert (2016).

8

CHAPTER 2
METHODS
Modeling Protocol
This study followed modeling protocol as suggested by Anderson and Woessner (2015).
Figure 2-1 shows an ideal workflow for creating a groundwater model. Protocol can be adjusted
depending on the purpose and scope of the model (Anderson and Woessner, 2015). This study
generally followed the protocol in Figure 2-1 but took a different approach to the calibration
and uncertainty analysis.

Conceptual Model
A conceptual model is the synthesis of what is known about a site (Anderson and
Woessner, 2015). It is desirable to simplify the conceptual model to include only the processes
important for addressing the model purpose, but still have enough complexity to represent
relevant system behavior (Anderson and Woessner, 2015). The conceptual model in this study
focusses on building on previous studies in Gallatin County. This included a literature review
that identified essential information concerning hydrostratigraphic units, sources and sinks,
boundary conditions and possible values for recharge (R) and hydraulic conductivity (K). GIS
software served as a powerful way to visually organize and display the information obtained in
the literature review.

Numerical Model
A steady-state finite difference groundwater flow model was created using Graphic
Groundwater GIS (Krienert and Esling, 2016), a pre and post-processor for MODFLOW
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(Harbaugh, 2005) and MODPATH (Pollock, 2012). MODFLOW is the United States Geological
Survey’s (USGS) modular three-dimensional finite-difference groundwater flow modeling
program (Harbaugh, 2005). MODFLOW yields the distribution of hydraulic head in a flow
system. Particles were reverse tracked from the proposed production wells for a period of 50
years with MODPATH, the USGS particle tracking program (Pollock, 2012). The trace of the
particles approximates the capture zone for a well.
Graphic Groundwater GIS is a program that allows the modeler to use a graphical user
interface for MODFLOW in an open source GIS program call Quantum-GIS (QGIS). This
combination allows for the quick and easy manipulation of maps and other spatial data from
the results provided by MODFLOW and MODPATH.

Calibration
The purpose of calibration is to match simulated results of a numerical model to those
observed in the field. Calibration is accomplished by adjusting input parameters such as
recharge (R) or hydraulic conductivity (K), or by modifying boundary or source and sink
conditions until results match a target calibration value (step 5, Figure 2-1). In an ideal situation,
a modeler would have site specific data about the distribution of K or know R throughout a flow
system and be able to calibrate a flow model to this data. However, it is often the case that a
modeler only works with information from very few on-site wells, and the distribution of K is
not always deduced with much certainty from the available data or R is not known (Esling et al.,
2008).
The aquifer in this study has numerous wells, but few measures of hydraulic
conductivity. For example, there is likely a zone of lower K around the bedrock islands where
10

the sand and gravel aquifer is known to intermix with silt and clay however there are not
enough measurements of K to define zones. Previous studies (Geosyntec, 1995, Prickett 1997,
ESI, 2003, Cox, 2013) used different zones of R and K to calibrate flow models to the available
hydraulic head data, however in some instances zones were based on few data points and not
recent data. This model will use a uniform R and K for each model run but will test a range of R
and K with multiple model runs for each well configuration.
The calibration process for this model will follow steps from the method demonstrated
in Esling et al. (2008). This method is an approach to create capture zones under steady-state
conditions in areas where R and K data are sparse, but the modeler knows the boundary
conditions and aquifer geometry.
The solution to a steady-state model is a function of the R and K ratio (R/K) (Esling et al.,
2008). Any R and K value will give the same solution to a steady-state model if the ratios are
equal. Finding a maximum and minimum R and K through a literature search bounds all possible
R/K ratios. Once a maximum and minimum R/K ratio has been established, they can be
organized into a matrix containing all four values in four different combinations (Table 2-1). The
minimum R/K value is derived from the low-end member of R and high-end member of K. All
R/K ratios in the matrix are tested.
Esling et al. (2008) note that in climates like Southern Illinois, groundwater flow is often
parallel to the slope of the surface topography as it approaches a stream. Therefore, it is
reasonable to assume that hydraulic head lies just below the land surface but only if no other
information, such as flowing artesian conditions, suggests otherwise. The result of this
assumption is a maximum potentiometric surface for the model domain. During calibration the
11

model parameters are adjusted until the hydraulic head is at or just below the land surface
everywhere in the model domain. This is called topographic calibration and yields the maximum
R/K ratio.
Once the model is calibrated to the topography of the study area, the resulting R/K ratio
is compared to all the R/K ratios determined from the literature search. If any other ratio in the
matrix is higher than the calibrated ratio, it is adjusted during the sensitivity analysis. Any larger
value causes heads to rise above the land surface in places where aquifer conditions are not
confined, creating an unrealistic result. After the calibration is complete the matrix should
include all possible R/K ratios for the study area. The actual R/K value for the study area must
fall somewhere between the low and high R/K values (Esling et al., 2008).

Sensitivity Analysis
A sensitivity analysis examines what effect changing an input parameter has on
hydraulic head. The sensitivity an input parameter has on hydraulic head is determined by
fixing all calibration parameters to their calibrated values except for the selected input
parameter, which is systematically varied to show how much the model moved away from
calibrated results (Anderson and Woessner, 2015).
In this study, there are no target calibration values to assess, but a range of possible R
and K values bounded by literature and a topographic calibration. If any R/K ratio in the matrix
is greater than the topographically calibrated R/K ratio or less than the minimum R/K ratio, the
R or K maximum and minimum values are adjusted until all R/K ratio members fall within the
range of acceptable values. This is done by creating a larger matrix that considers eight possible
combinations. Each combination is adjusted by fixing either R or K then adjusting the other
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variable until the ratio of the adjusted parameter falls within range. Any combinations that are
redundant are not tested and any combinations that cannot be adjusted to be within range are
not tested. The matrix can be expanded further to include additional parameters such as
conductance. A maximum and minimum value for the added parameter is added to the matrix
doubling the number of possible combinations.
If the particle tracks from the models based on the testable R/K ratios have similar
geometry, a high degree of confidence is associated with the composite capture zone. If the
size and extent of the capture zones varies, a lower degree of confidence is associated with the
composite capture zone (Esling et al., 2008).
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CHAPTER 3
CONCEPTUAL MODEL
Physiography
The study area is located in Gallatin County, Illinois (Figure 3-1). The United States
Census Bureau (USCB, 2015) reports that Gallatin County has a total area of 836.8 km2. The
model domain (Figure 1-1) covers approximately 420 km2 and the AOI (Figure 1-1) covers
approximately 83 km2. The average annual temperature is 19° C (66.5° F) and the average
annual precipitation is about 118.1 cm (46.5 in) (USGS, 2006-2013), consistent with a humid
temperate climate.
Figure 1-1 is a hill-shade analysis of a DEM overlaid on a topographic map of Gallatin
County. This type of map sharpens the contrast of topographic features. The two largest natural
features are Shawneetown Hills in the north-central section of the county and Gold Hills to the
south of Shawneetown Hills. The Shawneetown Hills have a maximum elevation of
approximately 180 meters and Gold Hill has a maximum elevation of approximately 200 meters.
The valley has two distinct terraces clearly marked by a change in relief on the map. One is
located to the northwest and is bounded by the North Fork River to the west and Cane Creek to
the north. Elevations on this terrace range from 110 and 120 meters. The other terrace is
located between the Shawneetown Hills and Gold Hills. This terrace has an elevation of about
120 meters on its western edge and drops off to about 108 meters towards the Ohio River.
The Ohio River bounds the study area on the east and the Saline River bounds it on the
west (Figure 3-2). The Ohio River and parts of the Saline River are assumed to have direct
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contact with the Henry Aquifer because of their size and depth of incision. This is the reason
why model boundaries extend to these rivers.
The study area also contains several natural creeks, some of which are ephemeral. The
permanent creeks and streams exhibit deep incision and deposit and carry sand and gravel
material intermixed with silt and clay (Figures 3-3and 3-4). A complex network of oxbow lakes
and sloughs exists in the northeast. They drain slowly into the Ohio River. Since the early
twentieth century, a system of agricultural ditches (Heinrich, 1982) drain a significant portion of
Gallatin County. The largest of these ditches, Cypress and Settlement (Figure 3-2), drain water
from the northeast to the southwest, eventually reaching the Saline River.
Regular flooding is a concern for the new well locations. Figure 3-5 shows SVCD 7 which
is in the middle of a floodplain at elevations between 106 and 110 meters. The height of the
well casing is about 10 m (30ft) so that it is above most flooding. The terraces are areas where it
is ideal to build new well sites because they lie outside the 100 year and 500-year floodplains.
Figure 3-6 shows the extent of the 100 and 500-year floodplains (FEMA, 2015), the locations of
the major municipalities and the location of the SVCD water plant near Equality. The geographic
requirements shown on this map play a major role in the location of the new well field.

Bedrock Geology
The Henry Formation overlies bedrock of the Pennsylvanian System. The Pennsylvanian
System consists of resistant sandstone and limestone, and shale, clay and coal (Nelson and
Lumm, 1987). The main formations include the Shelburn-Patoka and Carbondale Formations.
The Shelburn-Patoka Formation, previously known as the lower and upper sections of the
Modesto Formation in Illinois (Tri-State Committee, 2001), consists of black shale, limestone
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and coal, where limestone units are thicker and coal seams are thinner than the lithologically
similar Carbondale Formation (Nelson and Lumm, 1987). The Carbondale Formation contains
minable coal seams and deep marine black fissile shales and limestones that exhibit extensive
lateral continuity (Nelson and Lumm, 1987). See Figures 3-7 and 3-8 for stratigraphic and spatial
relationships.
The bedrock underlying the Henry Formation has an unknown quantity and direction of
groundwater flow and likely interacts with the groundwater flow through the Henry Formation.
Although the bedrock may provide or take water from the Henry Aquifer, the groundwater flow
through the Henry Aquifer is several orders of magnitude higher than that of the bedrock.
Therefore, the underlying bedrock was treated as an impermeable boundary. Likewise, the
bedrock islands (Shawneetown and Gold Hill) were also treated as impermeable boundaries.
Faults riddle the study area, dominated by the Wabash and Shawneetown fault systems
(Figures 3-8 and 3-9). The Shawneetown Fault Zone extends east-west through Gallatin county
forming an escarpment on the northern face of Gold Hill (Nelson and Lumm, 1987). The broken
bedrock from the Shawneetown Fault Zone predisposed the creation of a bedrock channel
between Gold and Shawneetown Hills by the ancient Ohio River (Heinrich, 1982). The Wabash
Valley Fault Zone starts in the north-central part of Gallatin County and intersects the
Shawneetown Fault Zone at Gold Hill in two known places. These two intersections are normal
faults called the Inman and Inman West faults, which form the Inman Graben between
Shawneetown and Gold Hill with more than 60 meters (200 ft) of offset (Nelsen and Lumm,
1987). Farther north in the Wabash Valley Fault Zone the Junction Fault trends through the
Eagle No. 2 Mine Site.
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Quaternary Geology
Multiple glaciations during the Pleistocene created the conditions necessary for
depositing the sands and gravels that constitute the aquifer system in Gallatin County.
Throughout the Pleistocene, periods of warming and cooling caused the advance and retreat of
glacial ice. During each advance, glaciers deposited diamictons and discharged outwash that
was transported downstream along major river valleys; sometimes aggregating to form natural
dams that in turn formed ancient lakes in tributary streams and rerouted major river systems.
These processes happened in cycles throughout the Pleistocene, gradually forming the
sediments and landscape seen today. The glacial sediments that make up Gallatin County and
their respective locations are shown in Figures 3-10 and 3-11.

Illinois Episode
The Illinois Episode marks the southernmost limits of glaciation in Illinois (Heinrich,
1982), and is present in the northwest region of Gallatin County as the Glasford Formation. The
Glasford Formation includes glacial diamicton and intercalated outwash deposits (William and
Frye, 1970), that likely accumulated and formed natural dams that led to flow changes in the
Ohio and North Fork Rivers. The ancient Ohio and North Fork Rivers incised the Saline River
basin in Southern Gallatin, stimulating the formation of a slackwater lake—Lake Saline
(Heinrich, 1982, Frye et al., 1972). A period of interglaciation called the Sangamon Episode led
to the conditions necessary to form the Sangamon Soil that developed in the Glasford
Formation.
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Wisconsin Episode
During the Wisconsin Episode the Ohio and Wabash River valleys filled with glacial
outwash carried by meltwater from more northern glaciers; the Wisconsin valley train (Frye et
al., 1972). The sand and gravel glacial outwash formed the Henry Formation in Gallatin County
throughout the Wisconsin Episode but predominantly during the Michigan Subepisode (William
and Frye, 1970, Heinrich, 1982, Johnson and Hansel, 1996). This formation is the main
hydrostratigraphic unit of the study area. It follows incised bedrock channels carved by the
ancestral Ohio River (Heinrich, 1982).
At times, aggregation of the Wisconsin valley train prevented drainage of the Saline
River basin into the Ohio River which caused Paleo Lake Saline to form throughout Gallatin and
Saline counties. As water levels increased and decreased they deposited the Equality
Formation, concurrently with the Henry Formation, causing the two formations to intertongue
with one another (Heinrich, 1982). The Equality Formation is largely silt and clay but may grade
upwards to sand and pebbly sand with lenses of silt and clay (Johnson and Hansel, 1996).
Deposition continued throughout the Wisconsin Episode and into the Hudson Episode.
Periodically, valley train sediments would dry out near the surface allowing winds to
erode and transport sediments leading to the deposition of loess. The Roxana Formation
(Roxana Silt) is loess derived mainly from the floodplains of the ancient Mississippi River
(Johnson and Hansel, 1996), that was deposited during the Athens Subepisode. It consists of silt
that ranges from brownish-red in oxidizing environments, to gray in water logged reducing
environments, covering areas in northern Gallatin County.

18

The Peoria Formation is proglacial loess derived from glacial meltwater channels during
the Michigan Subepisode that overlies and interfingers with the Henry and Equality Formations
where the Cahokia is not present (Johnson and Hansel, 1996). It consists of fine sandy silt in the
bluffs of source valleys and can grade into clayey silt (William and Frye, 1972). The Peoria
Formation mantels present day bedrock in Gallatin County and can be found on Shawneetown
and Gold Hills.

Hudson Episode
The Hudson Episode marks postglacial times, the development of the modern soil and
the deposition of the Cahokia Formation (Johnson and Hansel, 1996). The Cahokia Formation is
sediment deposited by modern river and streams. The Cahokia Formation rests on top of the
Henry Formation and generally is not covered by the Peoria and Roxana Formations. In Gallatin
County, the Cahokia is found on the eastern border along the Ohio River and overlies the Henry
Formation. It consists of silt, clay and clayey sand (William and Frye, 1972). It is common for the
Cahokia Formation to partly dam an alluvial valley and form lake-like expansions of a river
(William and Frye, 1972). A system of sloughs and oxbow lakes in northeastern Gallatin County
near the Wabash and Ohio River junction may demonstrate this effect.
Note that the Parkland Sand shown in the Figure 3-11, is no longer considered a formal
unit (Hansel and Johnson, 1996) but since it has been mapped by the ISGS it is included in this
report. Parkland Sand is a well sorted, medium to fine grained eolian facies of the Henry
Formation. It is classified as a sandy facies of the Peoria Formation where the two units
interfinger.
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Hydrogeology
The Henry Aquifer in this study includes the Henry Formation, the sandy regions of the
Cahokia Formation and the pebbly parts of the Equality Formation. The silt and clay alluvium of
the Cahokia Formation and the silty and clayey regions of the Equality Formation can be a
confining bed in some areas (Pool and Sanderson, 1981).
The Henry Formation contains heterogeneous sand and gravel with a hydraulic
conductivity and porosity that varies throughout the unit. Krienert (2016) analyzed the core
logs from the ISGS in the study area and mapped the thickness and extent of the Henry
Formation. Figure 3-12 shows an isopach map of the Henry Formation (note this is not a depth
to bedrock map). The perimeter of the model boundary defines areas where the aquifer
pinches out, or where the aquifer becomes less than seven meters thick. Thick regions coincide
with bedrock channels. Pinch-outs occur to the north and west of Gallatin County and near the
bedrock islands (Gold and Shawneetown Hills). The southern portion of the aquifer
communicates with the Saline and Ohio Rivers.
The aquifer receives most recharge from precipitation. The aquifer mainly discharges
into the Saline River to the west and the Ohio River to the east; SVCD and irrigation wells also
contribute to the total discharge of the aquifer. Figure 3-2 shows all named rivers, creeks and
ditches that discharge the aquifer. Periodically rivers, creeks and ditches contribute recharge to
the aquifer. In the AOI Cypress Ditch can recharge the aquifer with sulfate contaminated water
near the well field.
Hydraulic conductivity likely decreases towards aquifer pinch-outs where sand and
gravel grade into silt, clay and bedrock. Towards the east, hydraulic conductivity likely increases
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near the Ohio River. The bulk of the Henry Formation has hydraulic conductivity in the 10 -4 m/s
order of magnitude. Porosity of sand and gravel aquifers can vary between 20-35% (Fetter,
2001). This study will assume a 25% porosity for all model runs. This value will produce larger
more conservative capture zones.
The SVCD well field is located in the thickest part of the aquifer with thicknesses ranging
from 30 to 40 meters. The bedrock channel south of Shawneetown Hill and north of Gold Hill
also contains sand and gravel between 30-40 meters thick. The ancient Ohio River probably
carved this bedrock channel during pre-Illinoian and Illinoian times (Heinrich, 1982). It was later
filled with the sand and gravel deposits of the Henry Formation and the lacusturine deposits of
the Equality Formation (Heinrich, 1982). This area contains ideal conditions for commercial
wells because it is thick and near current well infrastructure.
The eastern edge of the Henry Formation underlies the Cahokia Formation, which may
contain sand and gravel in some areas (William and Frye, 1972). If infrastructure were not an
issue the area just west of the Ohio River would be the most ideal for new well locations
because the aquifer is thick, the Ohio River hydrologic boundary would minimize drawdown,
and no contamination from the mine site would reach the wells.

New Well Locations
Finding possible locations for SVCD 9, 10 and 11 must meet certain criteria as specified
by the SVCD (2016) and information gathered while building the conceptual model. The SVCD’s
main concerns are distance from current water lines, surface elevation, and investigating
properties they already own.
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The SVCD’s water lines parallel Highway 13 from the water plant in Equality to the
current well field. Any new well location would require additional water line to connect the new
wells to the main line (Figure 3-13). Minimizing distance from the main water line reduces
costs. Surface elevation is a concern because when it floods in the current well field water
levels can rise near the top of the well casings which creates potential maintenance and
contamination issues. The SVCD also wants to use property they currently own west of the
current well field.
The research also considered the effect SVCD wells would have on hydraulic head. Ideal
well locations would be in regions far enough away and thick enough to avoid drawing water
from the mine site. The best way to determine if a proposed well avoids contamination from
the mine is to run simulations.
Model runs were confined to three areas that met as many ideal conditions as possible.
The possible locations had to be within the AOI in an area where aquifer thickness exceeds 25
meters. The AOI (Figure 1-1) is an arbitrary boundary that includes the model domains of
previous work, the mine site, the current SVCD well field and property, and reasonable distance
away from Highway 13. It also includes the thickest regions of the aquifer that also met the
other criteria (Figure 3-12). The study focused on three possible locations, indicated on Figure
3-13 as purple, red and yellow polygons. Each polygon was created using a plat map of Gallatin
County. The borders of the polygons are property lines to keep test areas within a parcel. This
cuts costs and allows for quick retrieval of information in the event property ownership
becomes relevant. The purple polygon includes parcels the SVCD currently owns and is the
preferred location for new wells. The red polygon is a cluster of properties owned privately and
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was chosen because the aquifer has a thickness exceeding 25-35 meters. The yellow polygon is
a cluster of privately owned properties that have surface elevations outside the 500-year
floodplain and an aquifer thickness that exceeds 30-40 meters. These regions will be referred to
as the SVCD Property Location, Northeast Location and Southeast Location throughout this
report.
Possible locations for the wells have been proposed but the way the three wells are
arranged on those locations also needs to be established. The arrangement of wells is referred
to as the well configuration in this document. The main objective is to maximize the distance
between wells while remaining on the proposed location. The SVCD wants three wells
separated by at least 305 meters (1000 ft) because this configuration helped to minimize
drawdown in the past. This requirement results in linear and triangular well configurations and
sets a minimum distance the three wells can be from one another.

Irrigation
The SVCD shares the aquifer with local farmers. The aquifer plays a key role of providing
water for irrigating cropland throughout Gallatin County. It is important to consider what
impact SVCD wells and irrigation wells have on the aquifer. The National Agricultural Statistics
Service (2017), reports 608.6 km2 are planted with corn (297.8 km2) and soybeans (310.8 km2)
making Gallatin County largely a farming community. The Illinois State Water Survey (2017)
provided data that suggests at least 64.2 km2 are irrigated heavily throughout the growing
season. This data was gathered by locating the circular patterns pivot irrigation systems create
in satellite photos during summer months. Figure 3-14 shows all the center pivot irrigation data
gathered by the ISWS. Gallatin County has approximately 177 irrigation wells. The Egyptian
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Health Department (EHD) provided location and maximum estimated pumping yield data for 47
irrigation wells. The ISWS provided location and acreage data for 130 irrigation wells. Pumping
rates for each data set were calculated using different approaches.
The EHD reports maximum estimated well yields that range from 0.005 m3/s (66 gpm) to
0.026 m3/s (412.1 gpm). Table 3-1 shows the well data from the EHD. The maximum estimated
yield from the data set was used to calculate a pumping rate that represents continuous
pumping year-round. The irrigation season in Illinois starts around June and ends around
August (Bowman and Kimpel, 1991). The total volume of water pumped during a growing
season was calculated by assuming a two-month (24 hours a day) pumping time interval and
multiplying it by the rate associated with each well. This calculation does not consider the size
of the area being irrigated and only reflects what the wells can produce in two months. Wells
with higher pumping rates are likely associated with center pivots covering more acreage.
The ISWS irrigation well pumping rates were calculated using a modified version of
Equation 1 from Bowman and Kimpel (1991).
1) T = 0.00221Q * H/A
Where T is the total irrigation water in inches, Q is the estimated pumping rate from the
irrigation well in gallons per minute (gpm), H is the duration of irrigation and A is the area
irrigated in acres (Bowman and Kimpel, 1991). The ISWS data set requires an estimate for T and
H to calculate Q. These variables were estimated using data from Bowman and Kimpel (1991)
and the pumping rate was calculated with Equation 2.
2) Q= [(A * Vw) / T]/N
Q= Pumping Rate
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A= Total area of irrigated cropland
Vw= volume of irrigated water needed to grow corn
T= Time
N= Number of irrigation wells
The final pumping rate calculated was 0.006 m3/s. This value reflects the volume of
water needed to irrigate corn in Gallatin County, distributed among 130 wells over one year.
The calculation was based on the total area of irrigated cropland (ISWS, Map Series 2015-03).
The information used to calculate this pumping rate is shown below.
Vw= 15 net inches of irrigated water (Bowman and Kimpel, 1991)
A= 15,854.822 acres of irrigated cropland in Gallatin County (ISWS, Map Series 2015-03)
N= 130 wells with unknown pumping rates in Gallatin County (ISWS, Map Series 2015-03)
The main difference between Equation 1 and 2 is H and Q in Equation 1 were not
needed in Equation 2. In Equation 2, a volume of water was known from past irrigation data (15
net inches) for corn fields in Illinois. The average pumping rates associated with irrigation wells
registered with the EHD is 0.011 m3/s. This value is a factor of 2 higher than the 0.006 m3/s
obtained from the ISWS wells but still conceptually feasible.
Both data sets were used in the model. The ISWS data was used in cases where the data
sets overlapped. Most of the irrigation wells (130) in Gallatin County were simulated with the
ISWS value. The remaining 47 wells from the EHD data set were installed or permitted recently
and no satellite imagery was available that showed the center pivot patterns, therefore they
were not included in the ISWS calculation and the values from the EHD calculation were used in
the model. There are 27 irrigation wells in the AOI. The highest irrigation pumping rate in the
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AOI is 0.011 m3/s. The range of pumping rates in the AOI is representative of the real world and
will help determine what impact irrigation has on the aquifer and capture zone geometry.

Recharge and Hydraulic Conductivity
The two variables that are hardest to determine in a conceptual model are recharge and
hydraulic conductivity. This model does not use different zones of R and K and assumes the
aquifer is homogenous with respect to both parameters. The results of this model provide
particle tracks for a particular recharge and hydraulic conductivity. Each set of particle tracks
represents the capture zone of a unique R and K combination. When the particle tracks from all
combinations of R and K are overlaid, the bounding polygon should contain the actual capture
zone. This only works if R and K are bound to reasonable values for an aquifer and region like
the study area. The range in recharge and hydraulic conductivity values used in this study are
based on a review of the literature (Table 3-2). The maximum and minimum values found in the
literature are the highest and lowest values thought to be geologically possible for the study
area. This becomes important during the sensitivity analysis if the matrix needs adjustment. If
any R and K value used to make an R/K ratio in the matrix is higher or lower than the values
found in literature, it is illogical to test and therefore omitted from the matrix.
Studies suggest that sand and gravels of the Henry Aquifer have a hydraulic conductivity
on the order of 10-4 m/s however, there are some exceptions. Hydraulic conductivities may
increase in the eastern portion of the aquifer where the Henry Formation intermixes with sandy
portions of the Cahokia Formation near the Ohio River. It is also likely hydraulic conductivity
decreases with increasing proximity to bluffs and terraces because of intermixing with silt and
clay from upland colluvium and the lacustrine deposits of the Equality Formation. Therefore,
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the Henry Aquifer has a very wide range of hydraulic conductivities, the distribution of which is
unknown.
A typical range of hydraulic conductivities for well sorted sands and glacial outwash is
1.00 x 10-4 to 1.00 x 10-2 m/s (Fetter, 2001), but data collected from other studies in Table 3-2
refines K values specific to the study area. Research from Schicht (1965) was used by other
capture zone studies in Southern Illinois (Keller, 1999, Esling et al., 2008) and provided the most
insight into the range of hydraulic conductivity for this study.
Schicht’s study took place in the American Bottoms which is an area East of St. Louis,
MO that lies in the Mississippi River floodplain where the Henry Formation is present. Hydraulic
conductivity was calculated from aquifer tests based on drawdown data from pumping wells. A
well is pumped at a known pumping rate while the effect of drawdown is observed in nearby
wells. Table 3-3 summarizes the values determined by Schicht (1965). The maximum hydraulic
conductivity chosen for this study was 1.65 x 10-3 m/s which is rounded-up somewhat from the
maximum value determined by Schicht (1.63 x 10-3 m/s) and is also used in Keller (1999) and
Esling et al. (2008). The minimum hydraulic conductivity chosen was 2.71 x 10-4 m/s which is
rounded down somewhat from the minimum value determined by Schicht (2.72 x 10 -4 m/s),
and which is also used in Keller (1999) and Esling et al. (2008). These two values bound all other
hydraulic conductivities from previous works in Table 3-2.
The studies listed in Table 3-2 suggest recharge is mostly on the order of 10-9 m/s.
Recharge rates are variable through time and in location throughout the aquifer. Most recharge
is from precipitation and can enter an aquifer through streams, lakes, infiltration and
sometimes bedrock at different rates, requiring knowledge of the distribution of R throughout
27

the aquifer. Estimates of recharge from Schicht (1965) and Keller (1999) were used in this
study.
Schicht (1965) estimated recharge by creating flow-nets based on multiple years of
hydraulic head data in the American Bottoms. He used flow-nets to calculate the quantity of
water percolating through a given cross section of an aquifer. This quantity is proportional to
the hydraulic gradient and the hydraulic conductivity and can be computed using a modified
form of Darcy’s equation (Schicht, 1965). The highest recharge calculated was 8.05 x 10-9m/s
and the lowest was 3.51 x 10-9 m/s. The minimum recharge of 3.51 x 10-9 m/s (4.36 in/yr) from
Schicht (1965) was chosen because it is lower than values used in Keller (1999) and Esling et al.
(2008) and serves as a good absolute minimum. Keller (1999) also calculated recharge by
measuring baseflow of a smaller tributary of the Mississippi River using the USGS HYSEP
program. This model chose to use a value from Keller (1999) of 1.03 x 10 -8 m/s (12.84 in/yr) for
a maximum recharge. This value was increased to 1.08 x 10-8 m/s (13.42 in/yr) for Gallatin
County.
The hydraulic conductivity in conductance values was also varied in this study.
Conductance is K multiplied by the cross-sectional area of flow divided by the distance
separating locations of known hydraulic head. K values were kept to a range consistent with
silty sand material that predominantly exist in the beds of streams in the AOI. For an average
estimate, hydraulic conductivity was set to 1 x 10-5 m/s to make the conductance calculation.
The widths (W) of stream beds were estimated using GIS tools. Stream bed width varies
substantially so measurements of ditches only in the AOI were used to calculate an average of
15 meters. The length (L) of stream beds was set to the size of each cell in the model. Stream
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bed thickness was estimated by assessing stream elevation and the depth to the interpolated
Henry Formation surface.
Although bed thickness ranges in value, an average thickness was calculated by creating
a silt thickness map. The map was developed by subtracting surface elevation (LIDAR) from the
top of the Henry Formation elevations. Then a point sampling tool was used to sample the silt
thickness map where it intersected with the drainage ditches and rivers closest to the AOI. See
Table 3-4 for the average silt thickness values. The total average bed thickness is 3.18 meters.
The resulting conductance was 4.7 x 10-3 m2/s. This serves as the minimum conductance value
for all cells designated as rivers and drains.
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CHAPTER 4
NUMERICAL MODEL
Model Design
Every groundwater model has boundary conditions, sources and sinks that control the
water mass entering and leaving the system. Previous models computed for this area used
model domains that only covered the AOI until Cox (2013) expanded the model domain to the
Ohio River, Saline River and geologic boundaries. A refined bedrock surface and aquifer surface
map was created by Krienert (2016) using additional well log data from the ISGS. These two
maps allowed the model grid to be created from a more realistic aquifer geometry and gave
insight into boundary conditions for the model domain. Figure 3-12 is an isopach map detailing
the thickness of the Henry Aquifer.
The conceptual model of the Henry Aquifer was simplified into a two-layer finite
difference steady-state flow model using MODFLOW. The model used a 50-year stress period.
The model grid consists of 371 rows and 270 columns and contains 100,170 cells per layer, each
100 meters on a side. The vertical dimensions were calculated by subtracting elevations of the
top of the Henry Aquifer with bedrock surface elevations (Krienert, 2016) and dividing it by two,
obtaining a midpoint that defines the elevation of the boundary between the two layers. The
MODFLOW packages used were drain, river, time variant specified head (TVSH) and well.
Boundary conditions for Gallatin County were represented by constant head, specified
flux, head-dependent flux, and no-flow boundaries. The Ohio River forms the eastern boundary
of the model domain and represents a constant head boundary, simulated with the TVSH
package of MODFLOW. The Saline River forms the southwestern border of the model and is
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also simulated with the TVSH package. These two rivers are Dirichlet boundaries that are
conceptually an infinite source or sink for water in the model. The TVSH package allows for
head to change over time, but in this model the specified head remained constant throughout
each model run. Specified head values were obtained from LIDAR data of the river stage.
Head-Dependent Flux boundaries or Cauchy boundaries model leakage where a cell acts
as a source or sink, meaning the flow to and from the cell depends on the head in that cell and
head in some source or sink. The head-dependent flux boundaries in this model are the North
Fork River on the northwestern border of the model domain and Cane Creek. These boundaries
were represented using the river package in MODFLOW. All ephemeral streams and ditches are
also Cauchy boundaries but were simulated with the drain package. Crawford Creek and all
lakes and ponds were also simulated using the river package.
The no flow boundaries were designated in areas where the aquifer is known to pinchout with a change in geology to bedrock or fine-grained Quaternary deposits. These areas are
expressed on a bedrock elevation map (or in Figure 3-12 as red) where bedrock is near or at the
surface. Fine grained pinch-outs occur where the aquifer approaches the bedrock islands and
intermixes with colluvium and the Equality Formation. These boundaries were simulated as
impermeable. The Pennsylvanian bedrock islands that make up Gold and Shawneetown Hills
are the two major no-flow boundaries. The bedrock islands may contribute flow to the Henry
Aquifer, but the rate and the distribution is unknown and likely a small percentage of the flow
through the aquifer from precipitation recharge. The other no flow boundaries are areas where
the aquifer begins to pinch-out because well logs show that the underlying Quaternary deposits
are predominantly till and the sand and gravel outwash deposits have thinned or are no longer
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present. These pinch-outs make up the borders of the model that do not coincide with bedrock
islands or major rivers and streams.
All irrigation and SVCD wells were simulated with the well package which is a specified
flux boundary or Neuman boundary. All wells discharge water from layer-2. Figure 4-1 shows
the sources, sinks and boundaries of the model domain.

Model Parameters
The model parameters were determined through a literature review and an assessment
of available well logs and GIS data during development of the conceptual model. Graphic
Groundwater GIS (Krienert and Esling, 2016) in QGIS allows parameters to be adjusted using
objects: point, line and polygon shape files. Objects created with QGIS interact with the grid
and allow multiple cells to be adjusted simultaneously.
Initial heads are needed by MODFLOW to begin calculating a solution. The initial heads
for this model were set to equal the elevation of the interpolated top of the Henry Aquifer map
created by Krienert (2016).
The hydraulic conductivity and porosity have the largest impact on the size and shape of
a capture zone. Increasing the porosity causes a decrease in average linear velocity which
creates an overall decrease in capture zone geometry (Keller, 1999). This is because MODPATH
uses the average linear velocity to calculate path lines. A porosity of 25%, which is on the low
end for sand and gravel aquifers, was used for all model runs. A lower porosity value will
produce larger more conservative capture zones.
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The aquifer was assumed to be homogenous and isotropic, so hydraulic conductivity
and recharge values were distributed uniformly throughout the grid for each model run. Each
model run used a different combination of recharge and hydraulic conductivity.

Calibration
Once the model boundaries and parameters were established the model was calibrated
to the land surface. Hydraulic conductivity was fixed to 4.13 x 10-4 m/s, Pool and Sanderson’s
(1981) measured value. Then recharge was gradually increased to a value of 4 x 10-9 m/s until
heads reached the land surface, yielding an R/K value of 9.69 x 10-6 (Figure 4-2). During the
topographic calibration conductance was adjusted to 5.00 x 10-3 m2/s rounded up slightly from
the value calculated in the conceptual model. Several adjustments were made during
calibration, most of them related to removing excess water from the model domain.
The Make-up Lake conductance was the most significant adjustment. Originally, all
conductance values in the model were the same in every run. During model runs the Make-up
Lake contributed significant recharge to the new wells in the AOI regardless of location. The
amount of particle tracks originating from the Make-up Lake did not appear to be conceptually
feasible. Looking at previous calibrated values from Cox (2013) of 1.20 x 10 -4 m2/s, and Krienert
(2016) of 8.60 x 10-6 m2/s it was clear that conductance for this lake could not be a value on the
order of 10-3 m2/s. Therefore, the conductance of the lake was changed to the value from
Krienert (2016) and was used in all runs for the Make-up Lake only. All other Cauchy boundaries
used varied conductance values.
After each adjustment in recharge hydraulic head elevations were compared to the land
surface elevations. This was done by subtracting hydraulic head elevations from surface
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elevations. The differences check for confined conditions or where hydraulic head rises above
the land surface. Flowing artesian conditions do not appear to exist but some confined
conditions may exist. Areas where hydraulic head exceeded the land surface were noted and a
parameter was adjusted, usually conductance. Any time head elevations rose above the land
surface during runs, this was informally called flooding when maps and files were made.
Several areas in the northwest portion of the model domain showed confined
conditions in cells that share locations with ephemeral streams or natural drainage ways on a
topographic map. These are topographically low areas in the model domain and likely drain
water from the model domain during precipitation events. MODFLOW does not simulate
surface water flow, but it can remove excess water from the model domain. This problem can
be solved in several ways. One is by varying hydraulic conductivity or recharge. Another is by
adding another boundary condition. In this case, an approach that retained the homogenous
conditions of the model was used and the excess water was removed with drains, a Cauchy
boundary. The Drain Package in MODFLOW will activate drain cells when heads rise to a set
elevation which then remove the excess water from the model domain.
The northeast section of the model domain also showed hydraulic heads above the land
surface. Again, this problem could be solved by increasing hydraulic conductivity in this area,
but excess water was removed using the drain package to remain consistent with a
homogeneous model. Removing excess water from this area through a drain did not change
hydraulic head in the AOI, so no further attempts to remove excess water were made in this
area. The added drain followed the path of a slough seen on LIDAR.
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Some areas northeast of the AOI near Cypress and Settlement ditch, had less than one
meter of excess water above the land surface. In some areas along Cypress and Settlement
ditch, interpolated drain elevations were higher than LIDAR elevations. This is most likely
because the actual gradient of the ditch in some areas is steeper than the gradient that was
interpolated. Therefore, areas that were more than half a meter off were adjusted manually.
This adjustment removed most of the excess water near the AOI and Settlement and Cypress
ditch. Any remaining excess water in the model domain should have a negligible impact on the
particle tracks in the vicinity of the proposed new wells. At this point the model was
successfully calibrated to the land surface.
Figure 4-2 shows the model calibrated to the surface topography after adding additional
Cauchy boundaries and represents the base model for all future runs. Colored areas of the map
show simulated heads in meters above the land surface. Heads above the land surface in
Cypress and Settlement ditch are as refined as a 100-meter grid cell will allow. Increasing the
amount of grid cells that represent the ditches would allow for a better representation of the
natural gradient of the ditches, but at the cost of significantly greater execution time. Hydraulic
heads above the land surface in the northeast are most likely because the surface elevation
here is lower and this area is a known wetland.

Sensitivity Analysis
Table 4-1 shows the matrix of R/K values used for the sensitivity analysis. The
topographic calibration yielded an R/K ratio of 9.69 x 10-6 which is lower than the high R/K end
member of 4 x 10-5 determined from the literature search. This means runs with the high-end
member will produce heads above the land surface. The matrix was adjusted to account for the
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new calibrated maximum ratio of 9.69 x 10-6. This includes eight possible model runs, where
four runs are broken down into two different sets. One which fixes R and adjusts K and one
which fixes K and adjusts R. In this study, the parameter conductance was also added to include
a wider range of geologic conditions. Conductance controls the amount of flux at a Cauchy
boundary. Each testable R/K ratio has a high and low conductance to test. This adds eight more
possible combinations of model runs for a total of 16.
Table 4-2 and 4-3 show the testable and non-testable R/K combinations after adjusting
the R/K ratios to be less than or equal to the topographic calibration ratio. Non-testable
combinations show all results that are either redundant or R could not be adjusted to be below
the maximum calibrated ratio while K was fixed. For situations 9-12, the low K could not be
fixed while R was adjusted to get an R/K ratio less than or equal to 9.69 x 10 -6. For runs 13-16,
the high K was fixed while R was adjusted which gave redundant results. This leaves eight
testable model runs in Table 4-2.
Conductance values vary with different R/K ratios and were determined through trials. A
total of 4 trials of the model runs in the final matrix (Table 4-2) were completed in pairs, two
with a high conductance and two with a low conductance. The drain and river packages
required a conductance in this model. Drain cells remove water when hydraulic head reaches a
set elevation in the drain cell; if hydraulic head rises above the set cell elevation the drain
boundary removes the water in an amount controlled by conductance. River cells will either
add or remove water depending on the cell elevation in the same way. The only river cells in
the AOI are the Make-up Lake. During the trials the Make-up Lake had a fixed conductance and
was not varied. All other river cell conductance values were varied with values determined
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during trials. This process helps to determine the sensitivity of conductance on Cauchy
boundaries.
Trials 1 and 2 established conductance values with all wells off but all other boundary
conditions on. The conductance value 5.00 x 10-3 m2/s from the topographic calibration was
used as a starting point. Maximum conductance values were established by gradually increasing
from the minimum until conductance caused a change in head somewhere in the model
domain. Tables 4-4 and 4-5 show the results of Trials 1 and 2. Runs 3 and 4 from Trial 2 (Table
4-5) were omitted from the final R/K matrix because the minimum calibrated conductance (5 x
10-2 and 3 x 10-2 m2/s) is at the probable geologic maximum for the AOI. This conductance value
is based on a hydraulic conductivity of 1.06 x 10-4 m/s which is on the high end of a silty sand
material that predominantly exists in the stream beds in the AOI.
Trials 3 and 4 (Tables 4-6 and 4-7) were repetitions of Trials 1 and 2, but irrigation wells
were added to the model domain. Two areas in the model domain were sensitive to the
irrigation wells, the North Fork River bend and an area immediately northwest of the AOI.
These two areas are both shallow sections of the aquifer where cells dewatered in layer-1.
The North Fork River bend area is an isolated section of the model domain, and a very
thin part of the aquifer, so it is not surprising to see layer-1 cells dewater in this section. The
conductance of the river in this section might be higher than is being simulated, but this area
will have a negligible impact on particle tracking. The area immediately northwest of the mine
site where layer-1 dewaters is shown in Figure 4-3.
The base map in Figure 4-3 is a bedrock elevation map. White colors represent higher
bedrock elevations and black colors represent lower bedrock elevations. The lighter gray
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section, encircled by the yellow line, shows the area that dewaters in run 1 of Trials 3 and 4.
Bedrock has a higher elevation here, causing cells in layer-1 to dewater. The final R/K matrix
with six testable model run combinations is shown in Table 4-8. This matrix was used to
produce all capture zones for all SVCD 9, 10 and 11 scenarios.

Particle Tracks
Particles were reverse tracked for 50 years. The particle tracks produced by each R and
K run in Table 4-8 were superimposed onto a map to display results for a 50-year capture zone
for each location and each well configuration. The SVCD’s existing wells 4, 6, 7 and 8 were also
pumping in each run with the daily production of 4 million gallons per day distributed evenly
among all 7 commercial wells (0.025 m3/s per well). The remediation wells at the mine site
were not pumped to consider the worst-case scenario. All 177 irrigation wells were also turned
on in each run. Particle arrays containing 100 particles, in a circle with a 50-meter radius were
centered around each well. The particles started in layer-2 with a Z-position of 0.5. The Zposition is the particle’s vertical position within a cell. As the particle moves from cell to cell it
maintains the same Z-position. Values range from 0 (bottom of cell) to 1 (top of cell).
Capture zone geometry is a key factor in determining the uncertainty of the actual
capture zone. If capture zone geometry varies considerably between each run, the actual
capture zone size and extent is known with less certainty. If the particle track geometries
between each run are similar the actual capture zone is known with more certainty. The main
parameters that control capture zone geometry are variations in the hydraulic gradient caused
by varying the recharge and hydraulic conductivity between each run and porosity. Porosity is
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fixed in this model and will not influence capture zone geometry. Variations in capture zone
geometries are expected between each run.
Figure 4-4 shows an example of how the composite capture zones were created for this
study. Each well configuration was tested with the six model runs from Table 4-8, each
producing its own capture zone. The capture zones from all six model runs were superimposed
to make one composite capture zone. The results of this study display the composite capture
zones. Particle tracks are color-coded for an individual well. An acceptable capture zone could
not track particles from the Make-up Lake or inside the boundaries of the mine site. This study
only displays acceptable capture zones that were potential options for the SVCD’s new well
locations.
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CHAPTER 5
RESULTS AND DISCUSSION
Introduction
Testing for new well locations considered three separate proposed areas in the AOI; the
Northeast Location, the Southeast Location and the SVCD Property Location (Figure 3-13).
Multiple well configurations were tested at each location, each with the six model runs
summarized in Table 4-8. If any model run for a given configuration track particles to the mine
site, testing stopped, and the wells were reconfigured. This was a trial and error process. One
configuration for each of the three proposed areas placed the proposed wells as close to the
mine site as possible to determine an approximate minimum distance the wells could be
located from the mine site following the same trial and error process. During the trial and error
process, all 6 model runs from the matrix in Table 4-8 needed to show particle tracks that did
not originate directly from the mine site. Model runs were completed in sequence starting with
run 1 and testing stopped if a run tracked particles to the mine site. The process was subjective
and there were many possible configurations that could work. The results of finding the
minimum distance were meant to give an approximate idea of a distance three wells could be
without recharging from the mine site. This information helped to build other configurations
that would be more likely to track particles away from the mine site. Sometimes wells were
moved farther apart than the 305 m suggested in the conceptual model to decrease drawdown.
Each tested area has three parts within each location: 1) a map and table showing the
locations of SVCD 9, 10 and 11 in each configuration, 2) a table showing the model log with a
summary of each model run and notable observations of each configuration, 3) a map showing
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the 50-year capture zone of each configuration. Table 5-1 shows the coordinates of current
SVCD well locations for reference.

SVCD Property Location
Three configurations were tested for this location. Configuration 1 (Figure 5-1 and Table
5-2) tested well locations distributed across the property north to south along a preexisting
road. Configuration 2 (Figure 5-2 and Table 5-3) was determined to be the minimum distance
from the mine site wells could be located. The model logs for each configuration are shown in
Tables 5-5 to 5-7. Figures 5-4 to 5-6 show the superimposed capture zones for SVCD 9, 10 and
11 for each model run.
Several other configurations were tested in the eastern-most part of the property near
SVCD 4 but the combined drawdown of SVCD 4 and the three new wells caused particles to
track to the mine site in all considered configurations. Configuration 3 (Figure 5-3 and Table 54) is the most economical configuration for the SVCD because the wells are about 305 meters
apart from one another (the minimum distance) and parallel an existing primitive road.
Additionally, this configuration runs perpendicular to the main water line on Highway 13. These
factors minimize the installation of additional water line and roads, reducing costs.
The SVCD favored configurations 2 and 3 mainly because of economic considerations.
Both configurations were approved by the Illinois Environmental Protection Agency (IEPA). The
contaminant plume is known to reach areas around SVCD 5 near the mine drainage ditch.
However, very few particles reach this area and management of the pumping from each
production well can mitigate recharge from this area. Additionally, the amount of recharge
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received from this region is a small percentage of the total recharge of the wells which will lead
to significant dilution of any sulfate.
Reducing discharge from some wells and increasing it in others will shift the flow of
groundwater towards the wells that are pumping more heavily. Figure 5-7 demonstrates this
effect with configuration 3. In this set of model runs, the SVCD 4 pumping rate has been
reduced 30% to 0.0175 m3/s and SVCD 9, 10 and 11 have been increase to 0.0308 m3/s. The
total well discharge is still at 4 million gallons per day. These results indicate that particle tracks
from SVCD 9 and 10 trend farther south and west than results shown in Figure 5-6. Particle
track length is slightly increased in all directions because of increased drawdown at SVCD 9, 10
and 11. The reduction of pumping at SVCD 4, and the increase at the new well locations,
indicate a trend of particle tracks from SVCD 9 and 10 towards the Saline River. In addition, very
few particle tracks approach the mine site, and water can be blended at the water plant, so the
total finished sulfate levels can be reduced in this fashion as well.
In configuration 1 the individual capture zone geometries varied between each model
run. Runs 1 and 2 created similar arachnoid patterns, runs 3 and 4 also created arachnoid
patterns but different than run 1 and 2. The differences are runs 3 and 4 tracked particles
towards the east and runs 1 and 2 tracked particles towards the south. Runs 5 and 6 tracked
particles directly towards the north only and did not create an arachnoid pattern.
In configuration 2, runs 1 and 2 created arachnoid patterns, the noticeable difference
between other runs is that the particle tracks approach the mine site area and trend southeast.
Runs 3 and 4 particle tracks share a similar geometry with 1 and 2 except well 10 tracks go
north not southeast. Runs 5 and 6 particle tracks trend straight north.
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Configuration 3 capture zone geometries varied in the same way as configurations 1 and
2. Runs 1 and 2 geometries varied most at well 9 where particle tracks diverted around the well
and towards the mine site area. Runs 3 and 4 geometries are similar to runs 1 and 2 except
some particle tracks at well 9 moved north and not towards the mine site. Runs 5 and 6 particle
tracks trended strictly towards the north.
The uncertainty of the capture zone geometry in all simulations is more or less the
same. Configurations 2 and 3 could be considered more certain than configuration 1. Runs 1
and 2 share similar geometries in all configurations, runs 3 and 4 share similar geometry in all
configurations and runs 5 and 6 share similar geometries in all configurations. The only
difference between runs 1 and 2 and separately runs 3 and 4 is the conductance.
Conductance had a subtle but noticeable effect on capture zone geometry. Figure 5-8
shows particle tracks for runs 3 and 4. The black particle tracks are run 4 with the low
conductance and the colored particle tracks are run 3 with high conductance. The only
difference between the two simulations is the conductance value so the differences between
the two are changes in the distribution of hydraulic head in the model domain. The lower
conductance simulations created slightly longer particle tracks because the hydraulic gradient is
steeper near sources of water, particularly the river cells in the model domain.
All three configurations could serve as potential sites for the new wells however
configurations 2 and 3 capture zones are known with more certainty and they also meet all the
criteria. These two capture zones were suggested to the SVCD which they approved. Both of
these capture zones were suggested to the Illinois Environmental Protection Agency and
approved.
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Northeast Location
Configuration 1 was found to be the minimum distance away from the mine site after
several trial and error configurations. Tests for this configuration started in the southwest
corner of the testing area. Wells were kept in a triangular configuration 305 meters apart. The
wells were moved north and east until all six model runs tracked particles to the north. Figures
5-9 and 5-10 and Tables 5-8 and 5-9 show the distribution of wells for configurations 1 and 2.
Tables 5-11 and 5-12 provide a model summary for each run. Figures 5-11 and 5-12 show the
superimposed capture zones for SVCD 9, 10 and 11.
Cells dewater in the same location as shown in Figure 4-3 in model runs 1 and 2. This is
most likely because an increase in bedrock elevation causes the aquifer to thin in this area.
Here aquifer thickness drops to 20 meters compared to the approximate 27 meters where
SVCD 9, 10 and 11 are located in both scenarios. Runs 1 and 2 are also low recharge and low
hydraulic conductivity simulations. Therefore, significantly less water is added to the model
domain and discharge from the wells increases the demand for recharge from other areas of
the aquifer.
The Northeast Location is probably the best location for the new wells from a
hydrological standpoint. The wells recharge from Crawford Creek to the north which is entirely
free of any sulfate from the mine site. Irrigation wells had a minimal impact on capture zones in
both configurations. The capture zone geometry in each configuration was uniform, only
differing slightly between each model run.
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Southeast Location
Figure 5-13 and Table 5-13 show the distribution of proposed SVCD 9, 10 and 11 at the
Southeast Location. Table 5-13 summarizes the model runs for the Southeast Location. Figure
5-14 shows the superimposed capture zones for SVCD 9, 10 and 11 for a 50-year particle
tracking time. The wells in this configuration were determined to be as close to the mine site as
possible without receiving recharge near the mine site area through trial and error. It took
many model runs to find a configuration that would not dewater both layers in the model or
track particles to the mine site.
Southeast Location wells were tested in linear and triangular configurations but in all
cases except the one presented, the aquifer cells either dewatered in layers-1 and 2 and
particles tracked directly into the mine site. If wells were placed too close to the no flow
boundaries to the north and south, cells would dewater in layer-2 indicating there is insufficient
groundwater to support the wells. If wells were spaced as far apart as possible within the
Southeast Location borders, at least one well would track particles directly to the mine site. This
is partly because there is a natural groundwater divide in this region of the Henry Aquifer. The
divide can be seen in Figure 4-2 in the bedrock channel between the Gold and Shawneetown
Hills. While wells are pumping in configuration 1, the groundwater divide splits north-south
between well 9, and wells 10 and 11. This can be seen in the particle tracks in Figure 5-14.
Hydraulic head is 103.82 meters at the groundwater divide in configuration 1.
The Southeast Location was very sensitive to pumping from proposed wells. If SVCD 9,
10 and 11 were placed near the model boundaries, cells would dewater in both layers for two
reasons: 1) the no flow boundaries to the north and south force well recharge to come from
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either the east or the west and 2) there is a natural groundwater divide that runs north-south in
the middle of the no flow boundaries between Gold and Shawneetown Hills. Moving wells east
and west causes the groundwater divide to shift east and west and dictates whether wells will
recharge from the mine site.
This site would probably not be the best location for new wells considering the risk of
insufficient water supply. Testing only in the bounds of the Southeast Location area indicated
an insufficient water supply or sulfate contamination for several configurations. Moving wells
farther east would increase the amount of recharge coming from the Ohio River and likely solve
the insufficient water issue. However, a sewage disposal plant located directly east of the
tested location adds another risk that was not assessed in this study.

Particle Tracks
Particle tracks from runs 1 and 2, 3 and 4, and 5 and 6 (Table 4-8) for all tested locations
have similar geometry, respectively. This was expected because the only variable that changed
between each pair of model runs (except for runs 5 and 6) was conductance which had a minor
impact on capture zone geometry.
Discharge from irrigation wells caused particle tracks to deviate around irrigation wells
in all locations to varying degrees. This can be seen in the capture zones as u-shaped gaps in
tracks that form arachnoid type geometries. Irrigation discharge created local cones of
depression that caused the groundwater to flow around the irrigation wells. No runs showed
major cell dewatering in layers-1 and 2 except when testing the Southeast Location. Several
irrigation wells are located in this area so adding three more wells pumping at four times the
rate that the irrigation wells pumped dewatered the cells in several different configurations.
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Crawford Creek and North Fork River cells influenced hydraulic head in neighboring
cells. Crawford Creek had the most impact on particle tracks at the SVCD Property Location and
the Northeast Location. At both locations the hydraulic gradient was high enough at Crawford
Creek to cause particles to originate from sections of the creek. At the SVCD Property Location
particle tracks were influenced by both the North Fork River and Crawford Creek causing tracks
from wells 10 and 11 to fan out towards both streams. At the Southeast location particle tracks
were originating from the Saline River to the southwest and the Ohio River to the east.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
The model domain has an area of 420 km2, yielding nearly endless possibilities for new
well locations. Therefore, the search area was reduced to the AOI. The AOI was established to
create an area of focus for calibration and includes all the previous works’ modeling domains
and areas that minimize additional infrastructure expenditures. The objective of this study was
to find locations for three wells that will not be contaminated by sulfate from the mine site over
a 50-year period. This was accomplished by adjusting well configurations within each property
to assess how close the wells could be to the mine site without particle tracks reaching the
borders of the mine property. This was accomplished through a trial and error process. The
results show possible well configurations the SVCD could use in each location. In each location
at least one configuration was tested to be as close to the mine site as possible. This
established a rough idea of the minimum distance three wells needed to be to avoid recharge
from the mine site.
The numerical model contained the following conditions in every model run:
remediation wells at the mine cease pumping; SVCD 1, 2 and 3 cease pumping; porosity is 25%;
recharge and hydraulic conductivity are varied over a conceptually justified range of values; and
irrigation wells are pumping. The capture zones produced by these conditions consisted of
particle tracks from model runs 1-6 produced from the sensitivity analysis (Table 4-8).
There is no one definite way to estimate irrigation pumping rates other than to monitor
the irrigation well with a flow meter. This is difficult to do because farmers often do not want to
disclose this information, so irrigation pumping rates must be back calculated using
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assumptions and available data. Irrigation data came from two separate data sets (ISWS and
EHD). Where the two data sets overlapped the ISWS data set was used. Irrigation values were
conceptually feasible and justifiable. Irrigation wells caused particle tracks to divert around the
well’s cone of depression but did not cause any substantial dewatering of the aquifer.
A high and low conductance was tested for different R and K combinations in the R/K
matrix. Conductance did not have a significant impact on capture zone geometry when varied
within an order of magnitude. This is mainly because most fluvial features in the AOI were
simulated using the drain package which only removes water when hydraulic head rises above
the set cell elevation in each drain cell. The minimum conductance for each run was set high
enough to keep hydraulic heads below the land surface, therefore increasing conductance any
further does not influence hydraulic head near these cells. However, the river cells in Crawford
Creek and North Fork River are specified flux cells and will add water if hydraulic heads drop
below the set cell elevation which would increase hydraulic head in neighboring cells. This
effect increases the hydraulic gradient which creates the tendency for particle tracks to
originate from this area.
Varying the conductance within an order of magnitude caused a subtle but noticeable
effect on particle tracks at the Northeast and SVCD Property Locations. At low conductance
particle tracks elongated towards water sources. At high conductance particle tracks were
shorter but still trending in same directions as low conductance. The conductance values used
in this study were geologically appropriate and varied enough to test the sensitivity.
The Make-Up Lake plays a significant role in the movement of contaminants from the
mine site. The conductance value of the lake sediments has a major impact on capture zone
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geometry. The model can be calibrated topographically with different conductance values for
this lake, but any value greater than 1 x 10-5 m2/s order of magnitude will cause most runs to
track particles directly to this lake. This is perhaps the most vulnerable part of the numerical
model. Well logs from Geosyntec (1995) indicated clay in wells drilled near the lake so it is
reasonable to assume a lower hydraulic conductivity for the lake bed. Additionally, previous
works (Krienert, 2016; Cox, 2013) needed much lower conductance values to calibrate to
recently measured hydraulic head and sulfate concentrations. Therefore, the value from the
most recent study (Krienert, 2016) was used in this model.
All well configurations presented in this report are viable options for new well locations.
While the Northeast and Southeast Locations were mainly hypothetical they provided insight
into how far away from the mine site well locations should be to avoid mine site contamination
for 50 years. Every configuration presented in this study is a reasonable choice for the locations
of SVCD 9, 10 and 11. There are an infinite number of locations that can work but the locations
presented in this study are optimized for surface elevation, distance away from the main water
lines and aquifer thickness. Wells also needed to be in a cluster of three at least 305 meters
apart.
Configurations 2 and 3 at the SVCD Property Location was approved by the SVCD and
Illinois Environmental Protection Agency for the new well locations. Although results for this
configuration do indicate that there may be some risk of sulfate contamination from the mine
site, the risk is small because sulfate concentrations will be significantly diluted as recharge
travels to the wells. Dilution can be controlled further through a well pumping management
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system. A suggestion would be to reduce the amount of pumping from SVCD 4 and increase
well pumping in either SVCD 6,7 and 8 or 9, 10 and 11.
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EXHIBITS
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Figure 1-1: Map of the study area. The Peabody coal mine is outlined in green on the western
boarder of the Shawneetown Hills. In red circles, are the SVCD wells 1-8. Well 5 has been closed
because sulfate concentrations exceeded 200 mg/L. Enlarged is the modeling area of interest (AOI).
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Figure 1-2: Wells installed for remediation pumping and surface water drainage at the mine
site. Remediation wells are shown in yellow. SVCD 1-8 are shown in red.
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Figure 1-3: Model boundary evolution since 1997. Model boundaries were extended to natural
hydrologic boundaries in 2013 and extended again in 2016 with the analysis of more extensive
well log data by Krienert (2016).
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Figure 2-1: Modeling protocol adapted from Anderson and
Woessner (2015).
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Table 2-1: Generic matrix of R/K values from Esling et. al., (2008).
K m in

K m ax

Rm in

Rmin
K min

Rmin
K max

Rm ax

Rmax
K min

Rmax
K max
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Figure 3-1: In red is the location of Gallatin County. The county has an area of 836.8 km 2
and a population of 5,265.
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Figure 2-2: All named rivers and streams in the model domain.

59

Figure 3-3: Sand and gravel material from Crawford Creek.
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Figure 3-4: Incision of Crawford Creek. The shovel is 122 cm for scale.
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Figure 3-5: SVCD 7.
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Figure 3-6: Map showing the 100 and 500-year floodplains (FEMA, 2015), the locations of the
major municipalities and the location of the SVCD water plant. The geographic relationships
between the items shown on this map play a significant role in determining the best
locations for SVCD 9, 10 and 11.

63

Figure 3-7: Generalized stratigraphic column of the
Pennsylvanian bedrock system in Illinois (Jacobson, 2000).
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Figure 3-8: Bedrock geology of Gallatin County. Purple lines indicate faults. The AOI primarily
overlies the Carbondale Formation and most of the model domain overlies the Carbondale
and Shelburn-Patoka Formations.
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Figure 3-9: Structure map adapted from Nelson and Lumm (1987). The Shawneetown Fault
Zone runs east-west through Gallatin County. Wabash Valley Fault Zone runs northeastsoutheast through Gallatin County.
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Figure 3-10: Quaternary stratigraphy of Gallatin County
adapted from Pool and Sanderson (1981) and Hansel and
Johnson (1997).
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Figure 3-11: Quaternary geology of Gallatin County.
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Figure 3-12: Isopach map of the Henry Aquifer from Krienert (2016). The current SVCD wells
shown in red are in the thickest part of the aquifer (30-40 meters). The purple indicates
property owned by the SVCD.
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Figure 3-13: Possible well locations for SVCD 9, 10 and 11. The SVCD water plant is located about 8 km west of the current well field.
Blue areas represent land that is not located in a floodplain. The colored polygons are the proposed test locations for SVCD 9, 10
and 11.
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Figure 3-14: Map showing the estimated irrigation area (ISWS, Map Series 2015-03) in Gallatin
County. Well locations are computed using geometry tools in QGIS (centroid tool). Total irrigation
coverage is 15,854.822 acres. There are approximately 177 irrigation wells in Gallatin County.
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Table 3-1: Irrigation well data from the EHD (2017).
The estimated yield reflects the maximum pumping
capacity of a well. The average pumping rate reflects
the total volume of water pumped over one year.
Table 3-1: continued.
EHD Well ID

Driller Est. Yield
(Gal/min)

Pumping Rate
Averaged Over One
Year (m3/s)

EHD Well ID

Driller Est. Yield
(Gal/min)

Pumping Rate
Averaged Over One
Year (m3/s)

059-02-2014

800

0.008

059-10-2014

2500

0.026

059-01-2014

800

0.008

059-8-2014

850

0.009

059-28-2013

2000

0.021

059-8-2016

2500

0.026

059-27-2013

1000

0.011

059-7-2014

800

0.008

059-26-2013

800

0.008

059-6-2014

700

0.007

059-25-2013

1100

0.012

059-4-2014

1500

0.016

059-20-2013

1000

0.011

059-5-2014

800

0.008

059-16-2013

1500

0.016

059-15-2012

900

0.009

059-15-2013

900

0.009

059-14-2012

900

0.009

059-14-2013

1100

0.012

059-13-2012

900

0.009

059-13-2013

1500

0.016

059-12-2012

900

0.009

059-12-2013

500

0.005

059-11-2012

800

0.008

059-10-2013

1500

0.016

059-10-2012

800

0.008

059-9-2013

800

0.008

059-6-2012

800

0.008

059-8-2013

800

0.008

059-4-2012

800

0.008

059-7-2013

800

0.008

059-3-2012

800

0.008

059-6-2013

800

0.008

059-1-2012

800

0.008

059-5-2013

800

0.008

059-15-2011

800

0.008

059-2-2013

800

0.008

059-3-2011

700

0.007

059-1-2013

900

0.009

059-2-2011

700

0.007

059-1-2015

500

0.005

059-2-2014

800

0.008

059-4-2015

1000

0.011

059-1-2014

800

0.008

059-13-2014

1500

0.016

059-x-2014

2000

0.021

059-14-2014

2500

0.026

72

Table 3-2: Summary of hydraulic conductivity and recharge values used to determine maximum
and minimum values for developing an R/K matrix. In bold are the values used for this study.
The bold values originate from Schicht (1965) and have been used in Keller (1999), Esling et al.
(2008) and this study.
Source

R (m/s)

K (m/s)

Location

Pool and Sanderson (1981)

N/A

4.13E-04

Gallatin County

Geosyntech (1995)

5.40E-09

1.94E-06

Gallatin County

N/A

8.47E-04

Gallatin County

3.22E-09

2.47E-04

Gallatin County

7.25E-09

5.29E-04

Gallatin County

7.25E-09

5.79E-04

Gallatin County

N/A

7.52E-04

Gallatin County

3.51E-09

2.71E-04

American Bottoms

8.05E-09

1.62E-03

American Bottoms

4.21E-09

2.71E-04

American Bottoms

1.03E-08

1.65E-03

American Bottoms

4.21E-09

2.71E-04

Southern Illinois

9.66E-09

1.65E-03

Southern Illinois

N/A

1.00E-02

General Calculation

N/A

1.00E-04

General Calculation

ESI (2003)

Cox (2013)

Schicht (1965)

Keller (1999)

Esling et al. (2008)

Fetter (2001)
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Table 3-3: Summary of hydraulic conductivity values from Schicht (1965).
Owner and Location

K (gpd/ft2)

K (m/s)

Owens Illinois Glass Co.
T5N R10W

2288

1.08E-03

Olin Mathieson
T5N R9W

1409

6.65E-04

Olin Mathieson
T5N R9W

1024

4.84E-04

Bethalto
T5N R9W

1509

7.13E-04

Bethalto
T5N R9W

1887

8.91E-04

Bethalto
T5N R9W

1566

7.40E-04

City of Wood River
T5N R9W

1522

7.19E-04

City of Wood River
T5N R9W

1742

8.23E-04

City of Wood River
T5N R9W

2459

1.16E-03

Roxana
T5N R9W

1538

7.26E-04

International Shoe Co.
T5N R9W

1146

5.41E-04

Edwardsville
T4N R9W

1021

4.82E-04

J. Thomason
T4N R9W

2561

1.21E-03

Gen Carbon
T3N R8W

576

2.72E-04

Troy
T3N R8W

1333

6.30E-04

Troy
T3N R8W

1222

5.77E-04

V. Eckmann
T3N R8W

2813

1.33E-03

Collinsville
T3N R8W

1019

4.81E-04

Collinsville
T3N R8W

2143

1.01E-03

Collinsville
T3N R8W

1884

8.90E-04

H. Bischoff
T3N R9W

2278

1.08E-03

H. Bischoff
T3N R9W

1707

8.06E-04

W. HandFelder
T3N R9W

875

4.13E-04

U. Bischoff
T3N R9W

3067

1.45E-03

A. Bonham
T2N R8W

1343

6.34E-04

E Weissert
T2N R8W

987

4.66E-04

Mounds Public Water Dist.
T2N R9W

732

3.46E-04

National Stock yards Co.
T2N R10W

2740

1.29E-03

National Stock yards Co.
T2N R10W

3425

1.62E-03

Royal Packing Co.
T2N R10W

2836

1.34E-03
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Table 3-4: Average silt thickness (bed thickness) of
major ditches and creeks.
Stream or Ditch

Average Silt Thickness
(m)

Cypress

4.16

Little Cypress

2.67

Settlement

5.44

Crawford

6.58

Cane

4.19

Lawler

8.50

Lawler Fork

1.80
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Figure 4-1: Map showing major sources, sinks and boundaries of the model domain.
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Figure 4-2: Final potentiometric surface map showing the calibrated results for the maximum
R/K ratio (9.69 x 10-6). Heads above the land surface are shown as “flooding” in meters above
the land surface.
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Table 4-1: Possible values for a simplified sensitivity analysis.

RECHARGE

HYDRAULIC CONDUCTIVITY
Low Hydraulic Conductivity

High Hydraulic Conductivity

2.70e-4 meters/second

1.65e-3 meters/second

Intermediate R/K Member

Low R/K End Member

3.51E-9 meters/second

1.30E-5

2.13E-6

High Recharge

High R/K End Member

Intermediate R/K Member

1.08E-8 meters/second

4.00E-5

6.55E-6

Low Recharge
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Table 4-2: Testable R/K combinations used for the sensitivity analysis.
R (m/s)
Low R

High R

K (m/s)

R/K Value Conductance (m2/s)

Summary

Run 1 3.51E-09 3.63E-04

9.67E-06

HC

Adjusted K to be at or below the calibrated R/K ratio.

Run 2 3.51E-09 3.63E-04

9.67E-06

LC

Adjusted K to be at or below the calibrated R/K ratio.

Run 3 3.51E-09 1.65E-03

2.13E-06

HC

Adjusted K to be at or below the calibrated R/K ratio.

Run 4 3.51E-09 1.65E-03

2.13E-06

LC

Adjusted K to be at or below the calibrated R/K ratio.

Run 5 1.08E-08 1.12E-03

9.64E-06

HC

Adjusted K to be at or below the calibrated R/K ratio.

Run 6 1.08E-08 1.12E-03

9.64E-06

LC

Adjusted K to be at or below the calibrated R/K ratio.

Run 7 1.08E-08 1.65E-03

6.55E-06

HC

Adjusted K to be at or below the calibrated R/K ratio.

Run 8 1.08E-08 1.65E-03

6.55E-06

LC

Adjusted K to be at or below the calibrated R/K ratio.

Table 4-3: Omitted R/K combinations not used for the sensitivity analysis.
K (m/s)
Run 9
Low K

High K

R (m/s)

R/K Value Conductance (m2/s)

Summary

2.70E-04 3.51E-09

1.30E-05

HC

R could not be adjusted to be within range of acceptable values.

Run 10 2.70E-04 3.51E-09

1.30E-05

LC

R could not be adjusted to be within range of acceptable values.

Run 11 2.70E-04 9.00E-09

3.33E-05

HC

R could not be adjusted to be within range of acceptable values.

Run 12 2.70E-04 1.08E-08

4.00E-05

LC

R could not be adjusted to be within range of acceptable values.

Run 13 1.65E-03 3.51E-09

2.13E-06

HC

Redundant

Run 14 1.65E-03 3.51E-09

2.13E-06

LC

Redundant

Run 15 1.65E-03 1.08E-08

6.55E-06

HC

Redundant

Run 16 1.65E-03 1.08E-08

6.55E-06

LC

Redundant
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Table 4-4: Trial 1 maximum conductance values with no pumping.
R (m/s)
Low R

K (m/s)

R/K Value Conductance (m2/s)

Run 1 3.51E-09 3.63E-04

9.67E-06

9.30E-03

Run 2 3.51E-09 1.65E-03

2.13E-06

9.30E-03

Run 3 1.08E-08 1.12E-03

9.64E-06

5.00E-02

Run 4 1.08E-08 1.65E-03

6.55E-06

3.00E-02

High R

Summary
Gradually increased conductance to 9.3e-3, no notable
observations.
Adjusted conductance from 6e-3 to 9.3e-3, no notable
observations.
Varied Conductance from 9.3e-3 to 5e-2. 5e-2 yields acceptable
head results. Cells dewater along the Southwest bluffs near the
mine site.
Varied Conductance from 9.3e-3 to 3e-2. 3e-2 yielded acceptable
head results.

Table 4-5: Trial 2 minimum conductance values with no pumping.
R (m/s)
Low R

K (m/s)

R/K Value Conductance (m2/s)

Run 1 3.51E-09 3.63E-04

9.67E-06

7.00E-03

Run 2 3.51E-09 1.65E-03

2.13E-06

5.00E-03

Run 3 1.08E-08 1.12E-03

9.64E-06

5.00E-02

Run 4 1.08E-08 1.65E-03

6.55E-06

3.00E-02

Summary
Increased conductance from 5.00e-3 until there was no flooding in
the AOI.
Increased conductance from 1e-3 until there was no flooding in the
AOI.
Redundant; Conductance can be no lower without flooding in the
AOI.
Redundant; conductance can be no lower without flooding in the
AOI.

High R

80

Table 4-6: Trial 3 maximum conductance values with irrigation wells pumping.
R (m/s)
Low R

High R

K (m/s)

R/K Value Conductance (m2/s)

Summary

Run 1 3.51E-09 3.63E-04

9.67E-06

9.30E-03

Accepted, Cells dewater to the Northwest of the AOI in layer 1 but,
bedrock rises here, and aquifer decreases in thickness. Cells
dewater in layer 1 to the Northwest by the North Fork River but
the aquifer is also very thin here.

Run 2 3.51E-09 1.65E-03

2.13E-06

9.30E-03

Accepted, cells dewater in the Northwest by the North Fork River.

Run 3 1.08E-08 1.12E-03

9.64E-06

5.00E-02

Accepted, cells dewater in the Northwest by the North Fork River.

Run 4 1.08E-08 1.65E-03

6.55E-06

3.00E-02

Accepted, cells dewater in the Northwest by the North Fork River.

Table 4-7: Trial 4 minimum conductance values with irrigation wells pumping.
R (m/s)
Low R

High R

K (m/s)

R/K Value Conductance (m2/s)

Summary

Run 1 3.51E-09 3.63E-04

9.67E-06

7.00E-03

Accepted, cells in layer 1 dewater near the perimeter of the model
by the mine site and towards the Northwest of the AOI.

Run 2 3.51E-09 1.65E-03

2.13E-06

5.00E-03

Accepted, cells dewater to the Northwest by the North Fork River
where the aquifer is thin.

Run 3 1.08E-08 1.12E-03

9.64E-06

5.00E-02

Redundant

Run 4 1.08E-08 1.65E-03

6.55E-06

3.00E-02

Redundant

81

Table 4-8: Final R/K matrix used to simulate capture zones for all new well locations.

Low R

High R

R (m/s)

K (m/s)

R/K Value

Conductance (m2/s)

Run 1
Run 2

3.51E-09
3.51E-09

3.63E-04
3.63E-04

9.67E-06
9.67E-06

9.30E-03
7.00E-03

Run 3

3.51E-09

1.65E-03

2.13E-06

9.30E-03

Run 4

3.51E-09

1.65E-03

2.13E-06

5.00E-03

Run 5

1.08E-08

1.12E-03

9.64E-06

5.00E-02

Run 6

1.08E-08

1.65E-03

6.55E-06

3.00E-02
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Figure 4-3: Map showing the location where layer-1 cells dewater in the Northeast and SVCD Property Location during
runs 1 and 2. The black and white is a map of the bedrock surface; black means lower and white means higher bedrock
elevation. The yellow circle shows where cells dewater which coincides with a local rise in bedrock elevation.
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1

2

3

4

5

6

Composite Capture Zone

Figure 4-4: Composite capture zone assembly. The six model runs from Table 4-8
each produce an individual capture zone. The six individual capture zones are then
superimposed onto one map to make the composite capture zone.
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Table 5-1: Coordinates in UTM, latitude, and longitude for the SVCD's current wells (1-8).
Well ID

Easting

Northing

Latitude

Longitude

SVCD-1

391510.600

4176127.200

37.725992

-88.231089

SVCD-2

391653.800

4176385.600

37.728337

-88.229503

SVCD-3

391279.100

4176344.400

37.727922

-88.233748

SVCD-4

390438.100

4176733.200

37.731325

-88.243349

SVCD-5

391705.500

4177202.400

37.735704

-88.229039

SVCD-6

391645.700

4178262.600

37.745250

-88.229875

SVCD-7

391414.700

4178411.900

37.746569

-88.232519

SVCD-8

391517.000

4178032.600

37.743163

-88.231302
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Figure 5-2:
5-1: Configuration 2
1 well locations (wells 9, 10 and 11) for the SVCD Property Location.
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Figure 5-3: Configuration 3 well locations (wells 9, 10 and 11) for the SVCD Property Location.
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Table 5-2: SVCD Property Location; coordinates in UTM, latitude, and longitude for
configuration 1.
Well ID
Easting
Northing
Latitude
Longitude
Configuration 1
SVCD 9
389648.124 4177190.615 37.735351 -88.252381
SVCD 10
389567.435 4177735.070 37.740248 -88.253379
SVCD 11

389555.375 4178310.079 37.745428 -88.253603

Table 5-3: SVCD Property Location; coordinates in UTM, latitude, and longitude for
configuration 2.
Well ID
Easting
Northing
Latitude
Longitude
Configuration 2
SVCD 9
389620.828 4177139.692 37.734889 -88.252683
SVCD 10
389634.263 4177510.759 37.738235 -88.252587
SVCD 11
390062.679 4177504.168 37.738227 -88.247724

Table 5-4: SVCD Property Location; coordinates in UTM, latitude, and longitude for
configuration 3.
Well ID
Easting
Northing
Latitude
Longitude
Configuration 3
SVCD 9
389727.182 4177150.118 37.734996 -88.251477
SVCD 10
389698.228 4177534.006 37.738452 -88.251864
SVCD 11
389668.037 4177840.076 37.741206 -88.252253
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Table 5-5: SVCD Property Location, Configuration 1 model run summary.
Configuration 1

R (m/s)

K (m/s)

R/K Value Conductance (m2/s)

Results

Run 1

3.51E-09 3.63E-04

9.67E-06

9.30E-03

Run 2

3.51E-09 3.63E-04

9.67E-06

7.00E-03

Run 3

3.51E-09 1.65E-03

2.13E-06

9.30E-03

Run 4

3.51E-09 1.65E-03

2.13E-06

5.00E-03

Run 5

1.08E-08 1.12E-03

9.64E-06

5.00E-02

Cells dewater around well 11 in layer 1 but not layer 2. Well 10
particle tracks approach western edge of mine site region.
Cells at Wells 10 and 11 dewater in layer 1 but not layer 2. Well 10
particle tracks approach western edge of mine site region.
Well 9 shows particle tracks coming from an area of concern near
Well 5.
Well 9 shows particle tracks coming from an area of concern near
Well 5.
Particle tracks do not enter the mine site region.

Run 6

1.08E-08 1.65E-03

6.55E-06

3.00E-02

Particle tracks do not enter the mine site region.

Table 5-6: SVCD Property Location, Configuration 2 model run summary.
Configuration 2

R (m/s)

K (m/s)

R/K Value Conductance (m2/s)

Run 1

3.51E-09 3.63E-04

9.67E-06

9.30E-03

Run 2

3.51E-09 3.63E-04

9.67E-06

7.00E-03

Run 3
Run 4
Run 5
Run 6

3.51E-09
3.51E-09
1.08E-08
1.08E-08

2.13E-06
2.13E-06
9.64E-06
6.55E-06

9.30E-03
5.00E-03
5.00E-02
3.00E-02

1.65E-03
1.65E-03
1.12E-03
1.65E-03

Results
Well 11 tracks some particles near the western edge of the mine
site. Cells dewater in a small section North of SVCD property in
layer 1 (Figure 4-3).
Well 11 tracks some particles near the western edge of the mine
site. Cells dewater in a small section North of SVCD property in
layer 1 (Figure 4-3).
Particles do not enter the mine site region.
Particles do not enter the mine site region.
Particles do not enter the mine site region.
Particles do not enter the mine site region.
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Table 5-7: SVCD Property Location, configuration 3 model run summary.
Configuration 3

R (m/s)

K (m/s)

R/K Value Conductance (m2/s)

Results

Run 1

3.51E-09 3.63E-04

9.67E-06

9.30E-03

Particles tracks approach the mine site region.

Run 2
Run 3
Run 4
Run 5
Run 6

3.51E-09
3.51E-09
3.51E-09
1.08E-08
1.08E-08

9.67E-06
2.13E-06
2.13E-06
9.64E-06
6.55E-06

7.00E-03
9.30E-03
5.00E-03
5.00E-02
3.00E-02

Particles tracks approach the mine site region.
Particles do not enter the mine site region.
Particles do not enter the mine site region.
Particles do not enter the mine site region.
Particles from well 9 reach the western edge of the mine site.

3.63E-04
1.65E-03
1.65E-03
1.12E-03
1.65E-03
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Figure 5-4: 50-year capture zone for SVCD 9, 10 and 11 in configuration 1 for SVCD Property Location.
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Figure 5-5: 50-year capture zone for wells 9, 10 and 11 in configuration 2 for SVCD Property Location.
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Figure 5-6: 50-year capture zone for wells 9, 10 and 11 in configuration 3 for SVCD Property Location.
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Figure 5-7: 50-year capture zone for wells 9, 10 and 11 in configuration 3 for SVCD Property Location. Well 4 pumping rate
decreased 30% (0.0175 m3/s); wells 9, 10 and 11 increased to 0.0308 m3/s.
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Figure 5-8: Configuration 3, runs 3 and 4 differences in particle tracks caused by conductance. Black particle tracks are run
4 and colored tracks are run 3. Run 4 is the low conductance run and particle tracks elongate in some areas.
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Table 5-8: Northeast Location; coordinates in UTM, latitude, and longitude for configuration 1.
Well ID
Easting
Northing
Latitude
Configuration 1
SVCD9
393880.911 4180442.398 37.765155
SVCD 10
393672.840 4180536.859 37.765982
SVCD 11
393673.962 4180793.590 37.768295

Longitude
-88.204828
-88.207204
-88.207229

Table 5-9: Northeast Location; coordinates in UTM, latitude, and longitude for configuration 2.
Well ID
Easting
Northing
Latitude
Configuration 2
SVCD 9
393997.831 4179599.325 37.757571
SVCD 10
393864.054 4179844.582 37.759766
SVCD 11
394185.118 4179817.827 37.759562
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Longitude
-88.203378
-88.204932
-88.201284

Figure 5-9: Configuration 1 well locations (wells 9, 10 and 11) for the Northeast Location.
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Figure 5-10: Configuration 2 well locations (wells 9, 10 and 11) for the Northeast Location.
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Table 5-10: Northeast Location configuration 1 model run summary.
Configuration 1

R (m/s)

K (m/s)

R/K Value Conductance (m2/s)

Run 1

3.51E-09 3.63E-04

9.67E-06

9.30E-03

Run 2

3.51E-09 3.63E-04

9.67E-06

7.00E-03

Run 3
Run 4
Run 5
Run 6

3.51E-09
3.51E-09
1.08E-08
1.08E-08

2.13E-06
2.13E-06
9.64E-06
6.55E-06

9.30E-03
5.00E-03
5.00E-02
3.00E-02

1.65E-03
1.65E-03
1.12E-03
1.65E-03

Results
No particles enter the mine site region. Cells dewater in layer 1 in
same location as shown in Figure 4-3.
No particles enter the mine site region. Cells dewater in layer 1 in
same location as shown in Figure 4-3.
No particles enter the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.

Table 5-11: Northeast Location configuration 2 model run summary.
Configuration 2

R (m/s)

K (m/s)

R/K Value Conductance (m2/s)

Run 1

3.51E-09 3.63E-04

9.67E-06

9.30E-03

Run 2

3.51E-09 3.63E-04

9.67E-06

7.00E-03

Run 3
Run 4
Run 5
Run 6

3.51E-09
3.51E-09
1.08E-08
1.08E-08

2.13E-06
2.13E-06
9.64E-06
6.55E-06

9.30E-03
5.00E-03
5.00E-02
3.00E-02

1.65E-03
1.65E-03
1.12E-03
1.65E-03

Results
No particles enter the mine site region. Cells dewater in layer 1 in
same location shown in Figure 4-3.
Cells dewater in layer1 in same location as shown in Figure 4-3.
Cells dewater in layer 1 around 9 10 and 11. No particles enter the
mine site region.
No particles enter the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.
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Figure 5-11: 50-year capture zone for wells 9, 10 and 11 in configuration 1 for Northeast Location.
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Figure 5-12: 50-year capture zone for wells 9, 10 and 11 in configuration 2 for Northeast Location.
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Figure 5-13: Configuration 1 well locations (wells 9, 10 and 11) for the Southeast Location.
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Table 5-12: Southeast Location; coordinates in UTM, latitude, and longitude for configuration 1.
Well ID

Easting

Northing

Latitude

Longitude

SVCD 9

393788.752 4173596.426 37.703453

-88.204874

SVCD 10

394189.940 4173596.426 37.703499

-88.200324

SVCD 11

394193.942 4173916.324 37.706382

-88.200325

Table 5-13: Southeast Location configuration 1 model run summary.
Configuration 1

R (m/s)

K (m/s)

R/K Value

Conductance (m2/s)

Run 1

3.51E-09

3.63E-04

9.67E-06

9.30E-03

Run 2

3.51E-09

3.63E-04

9.67E-06

7.00E-03

Run 3
Run 4
Run 5
Run 6

3.51E-09
3.51E-09
1.08E-08
1.08E-08

1.65E-03
1.65E-03
1.12E-03
1.65E-03

2.13E-06
2.13E-06
9.64E-06
6.55E-06

9.30E-03
5.00E-03
5.00E-02
3.00E-02
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Results
No particles enter the mine site region. Cells dewater in
layer 1 cells along the model boundaries to the north and
south. Cells directly adjacent to the model boundary in layer
2 dewater.
Cells dewater in layer 1 along the model boundaries. In layer
2 only cells that border the immediate boundary dewater.
Cells around the wells do not dewater. No particles enter
the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.
No particles enter the mine site region.

Figure 5-14: 50-year capture zone for wells 9, 10 and 11 in configuration 1 for Southeast Location.
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